Microbial interactions are ubiquitous in nature, and equally as relevant to human wellbeing as the 1 4
diluted with fresh media, spread evenly over agar plates and incubated for 24 hours to grow into lawns. 8 9
We devised a stamping mechanism to maintain consistent spacing and sizes of initial colonies. Nails were 9 0 used to lift cells from the lawns. The nails were placed into slots in a 3D-printed stamping mechanism and 9 1 cells were carefully "stamped" onto fresh BHI agar poured in 6-well plates. In the control condition, all 9 2 five species were grown alone, and all pairwise combinations were grown together (six replicates were 9 3 performed of each condition). For the BaP condition, the procedure was identical except that BaP was 9 4 added to the growth media. The stamped colonies were incubated for 24 hours and the resulting colonies 9 5 were imaged at 2x magnification. The images were automatically segmented and colony areas calculated 9 6 using image analysis software (see Materials and Methods). 9 7 9 8 Stamping Mechanism 9 9
In measuring bacterial areas as one of our final metrics, it was necessary to ensure that the initial 1 0 0 bacterial colonies were stamped at a consistent size and spacing. We selected a starting spot size of 0.5 1 0 1 mm diameter, which were placed 3.5 mm apart (from center to center). To achieve these specifications, 1 0 2 we used metal nails to pick up the bacteria from the lawn and a 3D-printed mechanism to stamp the 1 0 3 bacteria onto the plates. The metal nails had uniform tip size and were non-porous, which improved initial 1 0 4 inoculation consistency. The stamping mechanism had two fixed slots, each sized to allow the nails to 1 0 5 slide in. These slots ensured that the two nails were the same distance apart for each stamping. The nails 1 0 6 were autoclaved and the stamping mechanism was routinely disinfected with CaviCide (Metrex). 1 0 7 1 0 8
Imaging Bacteria 1 0 9
Our images were captured by an EVOS microscope (ThermoFisher Scientific) at 2x 1 1 0 magnification and using the brightfield mode (Fig 1) . We collected images for six biological replicates of 1 1 1 each condition (Fig 2) . In order to convert colony areas from pixels to mm 2 , additional images were taken 1 1 2 of size standards. colonies were traced automatically in CellProfiler, we manually checked each image to ensure that edge 1 2 6 traces were accurate. We collected measurements of colony area (in pixels), shape and location. Colony 1 2 7 areas were converted from pixels to cm 2 based on the images of paper standards (Fig 3) . In order to infer 1 2 8 microbial interactions, colony areas in paired growth conditions were compared to colony growth alone 1 2 9 using a two-sided Wilcoxon signed-rank test in R [15] . The p-values produced were adjusted for multiple 1 3 0 testing using the false discovery rate (FDR) method. Similarly, we compared the interactions from the 1 3 1 control condition to the condition with BaP exposure in order to identify cases where the nature of an 1 3 2 interaction changed. To accomplish this, we converted colony areas to area fold changes by dividing the 1 3 3 observations by the mean area when the species was grown alone. The observed fold changes in control 1 3 4 versus BaP conditions were compared using a two-sided Wilcoxon signed-rank test and p-values were 1 3 5 adjusted for multiple testing using the FDR method. Individual data points are shown in gray (note that some outliers are outside the axis range of these plots). Final colony areas of four of the five species were significantly altered by at least one interaction 1 5 3 in the control media condition (p-value < 0.05 by two-sided Wilcoxon signed-rank test corrected by 1 5 4 FDR). We observed that both of the P. aeruginosa species grew more when paired with H. 1 5 5 parainfluenzae or H. influenzae in control media, and the increase of growth was statistically significant 1 5 6 in the case of P. aeruginosa PA01 (Fig 4A) . S. aureus grew less when it was paired with both of the P. in control media. S. aureus grows significantly less when grown next to P. aeruginosa PA01, and P. 1 6 6 aeruginosa PA01 grows significantly less when paired with P. aeruginosa PA14. B. Fold changes in 1 6 7 colony area in BaP media. Only one interaction is statistically significant in this context, and it is an 1 6 8 interaction that was also observed in the control condition. C. Panel A subtracted from panel B. The 1 6 9 difference in fold change is an indication of how different the interactions are in the two conditions. 1 7 0
Statistical significance was determined by two-sided Wilcoxon signed-rank test on the fold change data 1 7 1 for each interaction, and then FDR corrected. Only one interaction was significantly changed between the 1 7 2 two conditions. P. aeruginosa PA01 grew more when paired with H. influenzae in control media, but 1 7 3 grew less in BaP media. Some interactions were essentially identical between the two conditions (e.g. P. 1 7 4 aeruginosa PA01 grows less when paired with P. aeruginosa PA14, regardless of the presence of BaP), 1 7 5 and others were changed, if not in a statistically significant way (e.g. P. aeruginosa PA01 grows more 1 7 6 when paired with H. parainfluenzae in control media, but less in BaP media). D. An illustration of the 1 7 7
BaP-dependent interactions between H. influenzae and P. aeruginosa PA01. We put question marks 1 7 8 beside the interactions which are observed but not statistically significant. Note that BaP causes H. 1 7 9 influenzae to switch from a positive to a negative influence on P. aeruginosa PA01. 1 8 0 1 8 1
BaP Alters Interspecies Interactions 1 8 2
We did not observe statistically significant changes in bacterial colony growth when grown alone 1 8 3 in the presence of BaP after correcting for multiple testing, although the increase in H. influenzae colony 1 8 4 size was significant before FDR correction (Fig 3) . In terms of interactions, we observed that S. aureus 1 8 5 grew significantly less when paired with P. aeruginosa PA14 in the BaP media condition (Fig 4B; p-1 8 6 value < 0.05 by two-sided Wilcoxon signed-rank test corrected by FDR). This same interaction (P. 1 8 7 aeruginosa PA14 inhibition of S. aureus) was also observed to be statistically significant in the control 1 8 8 condition (Fig 4A) . Some interactions from the control condition, while no longer statistically significant 1 8 9 in the BaP condition, did retain the same trends from the control condition. P. aeruginosa PA01 still grew 1 9 0 less when paired with P. aeruginosa PA14 and S. aureus growth was inhibited when paired with P. 1 9 1 aeruginosa PA01 ( Fig 4B) . The trend of other interactions from the control condition seemed to change in 1 9 2 the BaP condition ( Fig 4C) . The only statistically significant change was the interaction between H. 1 9 3 influenzae and P. aeruginosa PA01. In the control condition, P. aeruginosa PA01 grew more when paired 1 9 4 with H. influenzae, while in the BaP condition, P. aeruginosa PA01 grew less when paired with H. 1 9 5 influenzae (Fig 4C) . A similar trend can be seen in the interaction between H. parainfluenzae and P. 1 9 6 aeruginosa PA01, although it is not statistically significant after multiple testing correction. 1 9 7 1 9 8 Discussion 1 9 9
We devised an in vitro experimental framework that allows for the semi-automated assessment of 2 0 0 pairwise interactions between microbes grown in vitro. We demonstrate our framework on a set of five 2 0 1 representative lung bacterial species. We identified several growth-altering interactions in both control 2 0 2 and BaP conditions, and significantly, we saw that the nature of at least one observed interaction was 2 0 3 significantly different between the two conditions, indicating that interspecies interactions are altered by 2 0 4 the presence of BaP. 2 0 5
Our pipeline includes a novel stamping mechanism for standardizing colony sizes, combined with 2 0 6 quantitative image analysis (Fig 1) . We incorporated the open-source image analysis software CellProfiler 2 0 7 into our workflow to increase throughput and quantify interactions [14] . Our methodology allows for 2 0 8 automated, quantitative measurements of colony attributes whereas previous research using similar 2 0 9 techniques has relied on manual observations [16] . For this work, we chose to focus on colony area as an 2 1 0 indicator of interaction strength. Colony area is a function of both growth rate and duration. We assume 2 1 1 that a bacterial colony will grow more slowly and/or stop growing earlier when the cells are under stress 2 1 2 (due to some negative interaction). Similarly, we assume that a colony will grow faster and/or longer if it 2 1 3 is participating in a beneficial interaction. Our workflow does not give much insight into the mechanism 2 1 4 of the interaction except perhaps to require that interactions act over a distance, since generally the 2 1 5 colonies are not physically interacting. Potential diffusion-based causes of interactions include (but are 2 1 6 not limited to) metabolic competition, cross-feeding, signaling, or toxin-mediated interactions. 2 1 7
In this study we observed many interspecies interactions, some of which have never been 2 1 8 reported in the literature. In both control and BaP conditions neighboring species grew less when paired 2 1 9 with P. aeruginosa PA14 (and to a lesser extent, PA01; Fig 3) . One contributing factor is that P. 2 2 0 aeruginosa PA14 and PA01 colonies were enormous (Fig 2) , suggesting that these two species utilized 2 2 1
